Abstract. 'Keitt' and 'Tommy Atkins' mango (Mangifera indica L.) fruit were evaluated for selected ripening criteria at six ripening stages, from mature green to overripe. 'Tommy Atkins' mangos developed more red and yellow pigmentation (CIE a* and b*) in peel and mesocarp tissues than 'Keitt'. The outer mesocarp of 'Keitt' remained firm longer than 'Tommy Atkins', and the inner mesocarp was softer than the outer at each stage in both cultivars. Cell wall neutral sugars, particularly arabinosyl, rhamnosyl, and galactosyl residues, decreased with ripening in both cultivars. 'Keitt' had more loosely associated, chelator-soluble pectin, accumulated more soluble polyuronides, and retained more total pectin at the ripe stage than 'Tommy Atkins'. Both cultivars had similar polygalacturonase (EC 3.2.1.15) activity which increased with ripening. The amount and molecular weight of cell wall hemicellulose decreased with ripening in both cultivars. These data indicate that enzymatic and/or nonenzymatic processes, in addition to polygalacturonase activity, are involved in the extensive softening of mango fruit.
The mango is one of the most popular tropical fruits worldwide, second only to banana. More than 14 million tons are produced worldwide, with 65% produced in India (Food Agriculture Organization, Annual Statistics, 1986) . Southern Florida is the only location in the continental United States where mangos are commercially produced. With expanding production in southern Florida, mango consumption in the United States has increased due to increased availability of more desirable cultivars, such as 'Keitt' and 'Tommy Atkins'. There is tremendous potential for export, particularly to countries such as the United Kingdom, whose consumers prefer the brightly colored Florida cultivars (Jabati, 1989) .
Despite the potential, there are several problems associated with the marketing of mango fruit. Mangos soften very quickly and extensively. Loss of fruit firmness increases susceptibility to bruising and decay during shipping and storage. Also, mangos are very susceptible to anthracnose (Colletotrichum gloeosporioides Penz.) and stem-end rot (Diplodia natalensis P.; Phomopsis citri). No fungicides are approved for postharvest use on mango fruit, and prospects for future approval are poor. High-temperature water dips help, although up to 80% of the fruit can be lost to fungal attack before fully ripe. It is important to reduce the rate of fruit softening to maintain the fruit's inherent resistance to bruising and decay.
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Materials and Methods
Mango fruit were obtained from a commercial packinghouse in Homestead, Fla. ('Tommy Atkins' in June 1990 and 'Keitt' in July 1990) . Fruit were transported to Orlando, Fla., dipped 3 min in 1000 ppm Imazilil at 35C to reduce decay, and stored at 20C, 85% ± 5% RH. Some fruit were analyzed immediately, while other fruit were allowed to ripen at 20C. Four fruit at each of six ripeness stages, determined subjectively by firmness, were selected for analysis: immature green (IG), fruit hard, mostly flat with undeveloped shoulders; mature green (MG), fruit hard, shoulders well rounded; firm (F), fruit yields slightly under pressure; fairly firm (FF), fruit yields significantly under pressure; soft ripe (SR), fruit soft; overripe (OR), fruit extremely soft, mushy.
Respiration. Individual fruit, four at each stage, were sealed in 3.8-liter jars at 20C. After 15 min, l-ml gas samples from jar headspaces were analyzed for CO 2 using a Hewlett Packard 5880 gas chromatograph (Hewlett Packard, Palo Alto, Calif.) equipped with a Porapak Q column and a thermal conductivity detector. Nitrogen, at a flow rate of 30 ml·min -1 , was the carrier gas.
Color. Color measurements (CIE L*a*b*) were taken on four fruit at each ripeness stage. A Minolta CR200 Colorimeter (Minolta, Ramsey, N.J.) was used to measure external and internal color. For external (peel) color, the mean of six measurements per fruit (stem and blossom end and four equator readings) was determined. For internal color, a 3-cm diameter section of peel was removed from each of the two fruit lobes. The mean of six measurements per fruit (three per lobe) was determined.
Firmness. Mesocarp firmness was measured using an Instron 4301 (Instron, Canton, Mass.). Two lobes were cut from a fruit by slicing parallel to the seed. Resistance to compression (3 mm) with a 7-mm diameter probe was measured on the inner Abbreviations: ASP, alkaline-soluble pectin; CSP, Chelator-soluble pectin; F, firm; FF, fairly firm; HF, hemicellulosic fraction; IG, immature green; MG, mature green; OR overripe; SR, soft ripe.
(near seed) and outer (under peel, peel removed from 3 cm area) mesocarp of each lobe. The means of four measurements per fruit (two per lobe) were determined for inner and outer tissues.
Soluble polyuronides. Soluble polyuronides were » extracted from previously frozen mesocarp tissue (10 g). Tissue was homogenized in two volumes 200 mM K 2 O 3 and filtered. The filtrate was mixed with 1.50 µl 40% MgCl 2 and centrifuged (27,000 × g, 5 min). The pellet was suspended in 95% ethanol and recentrifuged. The resulting pellet was suspended in 80C dH 2 O, cooled, and recentrifuged. The supernatant was assayed for uronic acid using the carbazole method (Dische, 1947) .
Cell wall extraction. Cell walls were extracted from mesocarp tissue as described for tomato (Lycopersicon esculentum Mill.) (Mitcham et al., 1989) with slight modification. Outer pericarp was homogenized in 80% ethanol and further disrupted in a cell disruption bomb. The residue was rinsed with 20 mM HepesNaOH (pH 6.9), stirred in 2 phenol : 1 acetic acid : 1 dH 2 O (by volume) (Selvandran, 1975) for 20 min, and rinsed in 20 mM Hepes-NaOH (pH 6.9). The residue was suspended in 90% DMSO (1 ml·g -1 fresh weight mesocarp tissue) and stirred for 18 h at room temperature to remove starch. Isolated cell walls were tested with KI/I 2 to verify the absence of starch. Cell walls were successively rinsed in 1 chloroform : 1 methanol (v/v) and acetone, then dried in a vacuum oven at 40C over P 2 O 5 .
Cell wall uronide. Cell walls (10 mg) were incubated on ice in 2-ml concentrated H 2 SO 4 on a gyratory shaker. Two 500-µl aliquots of dH 2 O (4C) were slowly added, and the solution was incubated on a shaker until dissolved (6 h). Uronic acid concentration was determined by the carbazole method (Dische, 1947) .
Cell wall neutral sugars. Neutral sugars were analyzed by gas chromatography as described by Mitcham and McDonald (1992) . Cell walls (5 mg) were treated with 2 N trifluoroacetic acid to hydrolyze noncellulosic neutral sugars, and alditol acetate derivatives were prepared, separated, and quantified by gas Cell wall fractionation. Cell walls (300 mg) were fractionated the greater the value, the more yellow pigment. See legend to Fig. as described by Mitcham et al. (1989) (Dubois et al., 1956) , uronic acid content of CSP, and ASP was estimated by the carbazole method (Dische, 1947) . Cellulose content of crude cell walls was estimated according to the procedure of Updegraff (1969) using the anthrone method (Spiro, 1966) . Polygalacturonase activity. Mesocarp tissue (40 g fresh weight, stored at -80C) was homogenized 3 min in dH 2 O (pH of dH 2 O adjusted to 3.0 with HCl, 1 ml·g -1 fresh weight mesocarp). After centrifugation at 5000 × g for 10 min, the pellet was retained Fig. 1 . Carbon dioxide production of mango fruit at various ripeness and rerinsed with dH 2 O as above. The pellet was suspended in stages: immature green (IG), mature green (MG), firm (F), fairly 1 M NaCl (1 ml·g -1 fresh weight mescocarp), homogenized 1 firm (FF), soft ripe (SR), and overripe (OR). Each value represents min, adjusted to pH 6.0 with dilute HCl, and incubated and the mean of four fruit. Vertical lines represent SE. stirred 3 h at 4C. The suspension was centrifuged, as above, Fig. 3 . Mango mesocarp color (CIE a*/b*) at several stages of ripeness. CIE a* represents green to red; the greater the value, the more red pigment. CIE b* represents blue to yellow; the greater the value, the more yellow pigment. A 3-cm diameter portion of peel was removed from each of two fruit lobes and color of the exposed mesocarp determined. Each value represents the mean of four fruit (three measurements per lobe; six per fruit) at each ripeness stage. See legend to Fig. 1 and the supernatant dialyzed (6000-8000 mol weight cut off) against 500 mM NaCl, yielding a crude enzyme extract. The pH optimum for 'Tommy Atkins' and 'Keitt' polygalacturonase enzymes was determined to be 4.7. The crude enzyme extract (50 µl) was incubated 0.5, 1, 3, or 5 h at 37C in a 200 µl solution containing 0.25% polygalacturonic acid (Sigma P-1879), 50 mM Na-acetate (pH 4.7), and 125 mM NaCl. The reaction was stopped by addition of 1 ml 100 ml borate buffer (pH 9.0). Release of galacturonic acid residues was estimated by the 2-cyanoacetamide method (Gross, 1982) . The enzyme activity was determined by regression analysis of product formation over time.
Hemicellulose fractionation. Hemicellulose fractions were stored at 4C with 0.02% Na-azide until concentrated for gel filtration. Four milligrams HF in 2 ml 20 mM Hepes-NaOH (pH 6.0) containing 150 mM NaCl were loaded onto a bed (1.5 × 60 cm) of Spectra/Gel ACA 34 (Medical Industries, Los Angeles) and eluted with the same buffer at a flow rate of 16 rnl·h -1 . Fractions of 1.5 ml were collected and carbohydrates detected using the phenol-sulfuric acid method (Dubois et al., 1956 ). Blue dextran (2 × l0 6 molecular weight), dextran (4 × l0 4 molecular weight), and glucose were used for molecular weight calibration.
Results and Discussion
The pattern of respiration for 'Tommy Atkins' and 'Keitt' mango fruit was typical of climacteric fruit (Fig. 1) and was similar to that reported for mango fruit by Krishnamurthy and Subramanyam (1973) . The climacteric peak occurred at the F stage in both cultivars; however, the respiration rate remained higher in 'Tommy Atkins' than in 'Keitt' after the peak. A higher respiration rate may indicate a decreased shelf life for 'Tommy Atkins'.
'Tommy Atkins' and 'Keitt' develop more colorful peels than some of the green or yellow-skinned mango cultivars. 'Tommy Atkins' developed more red (CIE a*) and yellow (CIE b*) peel pigmentation than 'Keitt' (Fig. 2) , which could make the former more visually appealing to consumers. In addition, the mesocarp of 'Tommy Atkins' developed a deeper orange (CIE a*/b*) (Fig.  3) . Both mango cultivars ripened from the inside outward (Fig.  4) , as in 'Harumanis' mangos (Lazan et al., 1986) . Internal softening had already begun at the MG stage, when the fruit's shoulders were well-rounded and the fruit was externally judged to be hard (Fig. 4) . This was particularly true for 'Keitt' where the outer mesocarp was very hard (> 100 N), while the internal mesocarp had softened to < 40 N (Fig. 4) . Undetectable internal ripening is largely responsible for nonuniformity in ripening within a harvested lot of fruit, leading to postharvest problems. The outer mesocarp of 'Keitt' mangos remained firm longer than that of 'Tommy Atkins' (Fig. 4) , a condition which may afford 'Keitt' mangos greater resistance to postharvest bruising and decay.
Cell wall material (dry weight per gram fresh weight of mesocarp) was consistently higher in 'Tommy Atkins' than in 'Keitt' (Table l) , although the amount of cell wall material decreased during ripening in both cultivars. As with tomato (Huber, 1983) , muskmellon (Cucumis melo L.) (McCollum et al., 1989) and blueberry (Vaccinium corymbosum L.) (Proctor and Peng, 1989) , there was a significant increase in soluble uronides between MG and F stages of ripening of mango fruit (Table 1 ). Both cultivars had similar amounts at the MG stage; however, 'Keitt' accumulated almost two times more soluble uronide than 'Tommy Atkins' beginning at the F stage. The amount of cell wall uronide per gram fresh weight was higher in 'Tommy Atkins' than in 'Keitt' at MG, F, and OR stages and decreased with ripening in both cultivars (Table 1) .
'Keitt' mangos contained significantly more neutral sugar at each stage of ripening than did 'Tommy Atkins' (Table 2) . Total noncellulosic neutral sugars decreased with ripening in both cultivars, and the decrease was particularly rapid from the MG to the F stage, when most of the fruit softening occurred (Fig. 4) . Arabinosyl, galactosyl, and xylosyl residues were the most abundant neutral sugars, representing 45%, 20%, and 19%, respectively, of the total neutral sugars detected. The amount of arabinosyl, galactosyl, and rhamnosyl residues in mango cell walls decreased steadily throughout ripening; however, 'Keitt' had a consistently higher rhamnosyl content than 'Tommy Atkins' (Table 2) . Rhamnosyl residues serve as branch points between the rhamnogalacturonan backbone of pectin and arabinogalactan sidechains. A higher rhamnosyl content in 'Keitt' may indicate a more highly branched pectin that may be less tightly bound because of reduced bonding between rhamnogalacturonan chains. Arabinosyl and galactosyl concentrations were similar for the two cultivars, except at the F stage, where 'Keitt' had more galactosyl residues, and the SR and OR stages where 'Keitt' retained more arabinosyl and galactosyl residues. Xylosyl residues increased steadily during ripening in 'Tommy Atkins', while in 'Keitt', xylose levels decreased from MG to F, then steadily increased to original levels at the SR stage (Table 2) .
In contrast to our results, cell wall neutral sugar analysis of 'Ngowe' mango indicated that galactosyl, arabinosyl, and glucosyl were the most abundant cell wall neutral sugar residues, with galactosyl residues being most abundant (Brinson et al., 1988) . The high level of glucose reported by these researchers was likely due to starch contamination, as no effort was made to remove starch. Galactose was the only cell wall neutral sugar to show a significant decrease during ripening of 'Sensation' mango (Seymour et al., 1989) . We found considerable decreases in arabinosyl, galactosyl, and rhamnosyl residues in both, 'Keitt' and 'Tommy Atkins' mango fruit (Table 2 ). These findings suggest considerable variability among mango cultivars in cell wall composition and its modification with ripening, Some of the differences may also be due to use of dissimilar analytical procedures. 'Keitt' mangos retained more total pectin when ripe (SR) than 'Tommy Atkins', but the total amount of pectin was higher in 'Tommy Atkins' at all other stages (Table 3) . 'Tommy Atkins' mangos have been described as fibrous in comparison to 'Keitt' (Sauce and Galvan, 1990) . These textural differences may be the result of differences in cell wall composition and a greater amount of cell wall material per gram fresh weight in 'Tommy Atkins'.
There was more of the loosely bound CSP and less of the more tightly associated ASP at all stages in cell walls of 'Keitt' than in 'Tommy Atkins' (Table 3 ). The amount of CSP increased during ripening in both cultivars, and 'Tommy Atkins' exhibited a decrease at the SR stage.
The major portion of pectic substances in both cultivars was ASP and was released by 50 mM Na 2 CO 3 (Table 3) . ASP was also the major type of pectin in kiwifruit (Actinidia deliciosa (A. Chev) C.F. Liang et A.R. Ferguson) (Redgwell et al., 1988) . The amount of ASP decreased from the F to SR stage in 'Tommy Atkins', while there was little change in 'Keitt' cell wall ASP (Table 3) .
Despite the differences in pectin composition and soluble polyuronide accumulation, PG activity was similar in the two cultivars (Fig. 5) except for a loss of activity at the OR stage in 'Tommy Atkins'. Polygalacturonase activities were similar to those reported previously for 'Keitt' (Roe and Bruemmer, 1981) ; however, 200-fold higher activity was reported in 'Harumanis' mangos (Lazan et al., 1986) . The higher polygalacturonase activity in 'Harumanis' mangos may in part be due to the use of b -mercaptoethanol in the extraction medium. There appears to be considerable variability in biochemistry between some mango cultivars; however, 'Keitt' and 'Tommy Atkins' appear to be similar to each other. wall hemicellulose fractions (4 mg) from Spectra/Gel ACA 34 (20 mM Hepes-NaOH, pH 6.9, 150 mM NaCl). Glucose equivalents in 1.5-ml fractions were determined by the phenol-sulfuric acid method. Hemicellulosic fractions from four fruit at each stage per cultivar were analyzed. Representative profile presented. MG = mature green, F = firm, and SR = soft ripe stage of ripeness. Elution of calibration standards: a = blue dextran, b = 40,000 molecular weight dextran, c = glucose.
The amount of hemicellulosic polymers in 'Keitt' cell walls exceeded that in 'Tommy Atkins' at the MG and F stages. The amount of hemicellulose decreased steadily during ripening in 'Keitt' cell walls, but increased from MG to FF in 'Tommy Atkins' before decreasing at the SR stage (Table 3) . The amount of cell wall cellulose was similar and increased with ripening in both cultivars (Table 3) .
The decrease in cell wall hemicellulose with ripening (Table  3) was accompanied by a considerable decrease in mean molecular weight expressed as glucose equivalents (Fig. 6) , which may contribute to fruit softening. The molecular weight profiles for the two cultivars differed slightly, with more low molecular weight hemicellulose observed in 'Keitt' than in 'Tommy Atkins' at the SR stage (Fig. 6) . A decrease in molecular size of hemicellulosic polymers has been reported in ripening strawberries (Fragaria ×ananassa Duch.) (Huber, 1984) , muskmelons (McCollum, et al., 1989) , and tomatoes (Huber, 1983) . Modification of cell wall hemicellulose may, in part, be due to cellulase (EC 3.2.1.4) activity that we have detected in 'Tommy Atkins' mangos (unpublished results). Cellulase activity has been reported in several Indian mango cultivars (Selvaraj and Kumar, 1989) . Gel filtration of CSP and ASP indicated little change in pectin molecular weight with ripening (unpublished results), in agreement with Seymour et al. (1989) . However, pectin aggregation potentially makes gel filtration a poor technique for molecular weight determination of pectins, particularly at ionic strength <100 mM (Fishman et al., 1990; Mort et al., 1991) .
